Abstract-Special nuclear material (SNM) emits high energy radiation during active and passive interrogation. This radiation can be imaged thus allowing visualization of shielded and/or smuggled SNM. Lower backgrounds and higher penetration through hi-Z materials make neutrons the preferred detectable in many scenarios. We have developed a neutron scatter camera that directly images fast fission neutrons from SNM sources while simultaneously measuring energy spectra. We have made many significant advances in the design and implementation of such instruments leading to an over 30 fold improvement in sensitivity. We will present results from our detector including analysis techniques that we have developed for neutron imaging and particle discrimination techniques.
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We will discuss camera calibration and performance under realistic threat detection scenarios, and future prospects in this field.
I. THE DETECTOR
EUTRON scatter camera design allows neutrons to be imaged in much the same way that Compton cameras image gamma-rays. Instead of Compton scattering, we use conservation of energy and momentum in an elastic collision between an incident neutron and a proton in the detector. By measuring the energy of the recoil proton and the time-of flight (TOF) of the scattered neutron, the incident neutron's energy and direction of origin are determined. The specifics of this technique as well as general design considerations have been outlined previously [1] .
Our current detector consists of four 5 inch diameter x 2 inch thick cylindrical liquid scintillator (EJ301) filled cells in the front plane and seven 5 inch diameter x 5 inch thick liquid scintillator cells in the rear. Each cell is read out by a fast Hamamatsu HA6527 5 inch PMT (1.3 ns. resolution). We employ CAEN VME multichannel ADC's and CFD's with a custom DAQ readout using Labview . This design provides for ease of scalability which has allowed us to quickly scale up the camera from only 2 detector elements to the 11 that we employ today with little change to the front end and relative ease. Detector sensitivity can be gained simply by increasing the number of elements. The assembled camera is shown in 
II. IMAGE RECONSTRUCTION TECHNIQUES
Because the direction of the recoiling proton is not measured, the incident neutron's direction is not uniquely determined. Only the scattering angle θ 1 can be calculated, defining a probability cone which is back-projected into the space in front of the detector. The surface of the cone is given a thickness according to a Gaussian distribution with a standard deviation determined by the total systematic error in the measurement of the neutron's scattering angle and location. The total area of the cone is then normalized such that its projection at any angle or intersection with a plane at any distance from the detector defines a probability distribution for the location of the neutron. An image is formed by superimposing these cones (see Fig. 2 ).
In the course of characterizing our detector's response over its field of view (FOV) and energy range, we have performed an extensive series of calibration runs. To facilitate this procedure, we have constructed a fixture (can be seen in the foreground of Fig. 1 ) that automatically moves a Cf252 neutron source through a grid of positions. The relative efficiency of detection as a function of viewing angle was calculated. We find that the detector is sensitive out to angles as large as 60 degrees (120 degree field of view). The resulting energy response curves as a function of angular location within the FOV have been included in the image reconstruction algorithms. This has allowed us to make complete neutron differential flux maps of the detector's surroundings. Not only is a neutron image constructed, but every pixel of our image contains complete spectral information as well. 
III. DESIGN ADVANCES
Aside from improvements in analysis techniques, we have made several advances in detector design. Most of our effort has been focused on improving the overall sensitivity of the detector. An obvious improvement along these lines was the increase in camera size. This alone has increased our sensitivity seven-fold.
A second advance made toward increased sensitivity was pushing the lower energy threshold for detection. Because the fission spectrum of SNM is peaked at low energies (~1 MeV), a lower energy threshold increases the overall sensitivity of the detector in a threat detection scenario. By increasing PMT gain and lowering discriminator thresholds, we have lowered our proton energy threshold to ~200 keV. This provides a ~five-fold improvement in overall sensitivity over previous configurations. These two advances together improved our sensitivity by a factor of thirty from the previous year.
The third improvement has been in background rejection. We have found that Gamma-rays that Compton scatter off of electrons in the detector elements satisfy the coincidence trigger. If the same gamma-ray is detected in both planes of the instrument, it can be rejected by its TOF. However, we have found that discriminating neutrons from Compton gamma-rays by the TOF between planes alone is not enough. When the gamma-ray background is large or with large detector volumes (when the camera is scaled up in size), two gamma-rays can scatter in different elements producing an accidental coincidence with a TOF consistent with a neutron scattering event. This "fake" neutron event rate can often be a higher background than the actual neutron background, especially during calibration or in situations where the source has large gamma content.
A feature of our camera design that has eliminated these concerns is the pulse shape discrimination (PSD). We achieve PSD by using liquid scintillator and custom PSD modules made by Mesytec that quantify the differences in the timing of scintillation light from scattered protons and electrons. This gives us excellent neutron/gamma identification as can be seen in Fig. 3 . Fig. 3 . Gamma/Neutron separation by both PSD and TOF.
By combining both TOF and PSD, we are able to reduce our gamma contamination to approximately 1 in 25,000. The band in the gamma region along the bottom of Fig. 3 can be attributed to the accidental gamma-ray coincidences described previously. Without PSD the total gamma contamination due to this contribution would have been 1 in 5. The misidentification of gamma-rays as neutrons not only compromises the ability of the detector to alarm on the presence of neutron sources, but also contaminates the capability to image. Fig. 4 is an image of a neutron source in a high gamma background constructed with events discriminated by their TOF alone.
A Cf252 source surrounded by several gamma sources is located at coordinates (-5,5) in this image. It can be seen that the gamma contamination not only introduces an unacceptably high accidental background, but also creates anomalous false hot spots. Rather than rejecting these events, we have found that it is possible to construct a gamma-ray image by running the analysis in a "Compton mode". Instead of calculating the scattering angle by the kinematics of elastic scatters as is appropriate for neutron events, it can be found by the kinematics of Compton scatters. Our scatter camera has not been optimized as a Compton gamma-ray imager, but it can be seen in Fig. 6 that we are not only able to separate the gamma background, but also image it. Fig. 6 has been made from the same data set as Figs. 4 and 5 and though with somewhat worse angular resolution, the gamma-ray sources have been correctly imaged and identified as well. 
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V. CONCLUSION
Through several advances in design and analysis methods we have increased the overall sensitivity of our neutron scatter camera design by a factor of almost 30. We have scaled up the overall size of the camera from 2 to 11 elements, lowered our energy thresholds, and achieved excellent neutron/gamma identification using PSD. Improved image construction techniques (including gamma-ray Compton imaging) have the potential to increase detection significance further. The additional information that this provides can prove vital for the detection and identification of an SNM source.
VI. ACKNOWLEDGEMENTS
The development of the neutron scatter camera is funded by the NNSA/NA-22 (Office of Non-Proliferation R&D). We thanks our manager Jim Lund for his support in our efforts.
